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has  revealed  that  the  postulated  flov  of  igniter  gases  and  flamespreading  from 
the  basepad  forward  through  the  bundle  of  sticks  in  a  simple^  one-dimensional 
manner  may  be  significantly  complicated  by  the  presence  of  a  combustible  case, 
the  initial  permeability,  mechanical  strength,  and  ignition  and  combustion 
characteristics  of  which  may  play  major  roles  themselves  in  characterizing  the 
aforementioned  sequence  of  events.  v 

CT”  ^  <^0- A  +  y-V.'  C-  U>  ''  ■'S  A  ( 

The  US  Armiy  itas  just  completed  development  of  a  new  top-zone  propelling 
chargd^to  replace  the  M203  Charge  for  the  lS5-mm,  M198  Towed  Howitzer^  The 
new  charge,  designated  M203E2  during  development  and  type  classified  M203A1, 
features  M31-type  stick  propellant  and  a  rigid,  combustible  cartridge  case.  A 
number  of  these  charges  were  modified  to  permit  direct  viewing  of  the  interior 
of  the  charge  and  fired  in  the  Ballistic  Research  Laboratory  155-mm  Howitzer 
Simulator,  using  transparent  plastic  chambers.  Instrumentation  included  high¬ 
speed  cinematography,  flash  radiography,  spindle  pressure  gages,  and  projec¬ 
tile  base  pressure  and  force  transducers.  Testing  revealed  such  phenomena  as 
separation  and  rearward  motion  of  portions  of  the  basepad  igniter  and  rear 
igniter  portion  of  the  case,  preferential  flow  of  igniter  gases  around  the 
outside  of  the  charge,  and  substantial  radial  compaction  of  the  charge. 

\ 

Companion  calculations  were  performed  using  the  TDNOVA  two-dimensional, 
two-phase  interior  ballistic  code.  Simulations  are  presented,  for  various 
case  configurations,  which  describ^  flame  propagation,  gas  flow,  and  solid- 
phase  motion  during  the  early  porcion  of  the  interior  ballistic  cycle.  An 
attempt  is  made  to  use  these  results  to  aid  in  the  interpretation  of  experi¬ 
mentally  observed  behavior. 
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I.  INTRODUCTION 


The  advantages  of  stick  propellants  over  granular  propellants,  especially 
in  high-performance  propelling  charges,  have  long  been  known.  The  natural 
channels  presented  by  a  bundle  of  stick  propellant  offer  substantially  less 
resistance  to  the  flow  of  igniter  and  early  combustion  gases,  leading  to  a 
significant  reduction  in  the  potential  for  the  formation  of  axial  pressure 
waves^~^  and  facilitating  the  use  of  simple  basepad  ignition  systems.  More¬ 
over,  the  higher  loading  density  made  possible  by  the  regular  packing  of  the 
stick  geometry  allows  the  use  of  a  larger  charge  weight  of  a  cooler,  lower- 
energy  propellant  to  achieve  the  same  performance,  with  possible  benefits  in 
terms  of  barrel  wear  and  muzzle  flash  and  blast.  (The  reduction  in  barrel 
wear  from  the  cooler  propellant,  however,  may  be  at  least  partially  offset  by 
hydrodynamic  co. siderations  mentioned  below. Alternatively,  the  higher 
loading  d'  '•sity  may  be  exploited  for  increased  performance  with  existing 
p  ellant  formulations.  The  stick  propellant  configuration  also  helps  to 
provide  rigidity  to  the  charge  assembly,  facilitating  handling  and  loading 
operations.  Finally,  a  substantial  reduction  in  charge  motion  during  the 
combustion  cycle,  a  result  of  the  lowered  interphase  drag,  has  recently  been 
shown  to  contribute,  via  several  interesting  mechanisms,  to  an  increase  in 
ballistic  efficiency  for  stick  propellant  charges  not  predicted  by  classical 
interior  ballistic  models.”  Several  foreign  propelling  charges  currently  use 
stick  propellant,  notably  the  Tri-Partite  (UK,  Germany,  Italy)  charges  for  the 
lS5-mm,  FH70  Howitzer.  Until  recently,  however,  stick  propellants  have  seen 
little  or  no  application  in  US  charges,  primarily  due  to  a  lack  of  a  large- 
scale  manufacturing  capability.  Efforts  are  now  underway  to  upgrade  US  pro¬ 
pellant  manufacturing  facilities,  and  charges  employing  stick  propellant  are 
now  under  development  for  both  artillery  and  tank  guns.  Our  research  in  the 


^S.  Weiner,  "Investigation  of  Stick  Propellant  for  155-mm,  XM198,"  Interim 
Memorandum  Report,  Picatinny  Arsenal,  Dover,  NJ,  July  1975. 
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T.C.  Smith,  "Experimental  Gun  Testing  of  High  Density  Multiperforated  Stick 
Propellant  Charge  Assemblies,"  17th  JANNAF  Combustion  Meeting,  CPIA  Publica¬ 
tion  329,  Vol.  II,  pp.  119-124,  November  1980. 

^F.W.  Robbins,  J.A.  Kudzal,  J.A.  McWilliams,  and  F.S.  Gough,  "Experimental 
Determination  of  Stick  Charge  Flow  Resistance,"  17th  JANNAF  Combustion 
Meeting,  CPIA  Publication  329,  Vol.  II,  pp.  97-118,  November  1983. 

^T.C.  Minor,  "Mitigation  of  Ignition-Induced,  Two-Phase  Flow  Dynamics  Through 
the  Use  of  Stick  Propellants,"  ARBRL-TR-02508,  Ballistic  Research  Laboratory, 
USA  ARRADCOM,  Aberdeen  Proving  Ground,  MD,  August  1980  (AO  A133685). 

^A.W.  Horst,  "A  Comparison  of  Barrel-Heating  Processes  for  Granular  and  Stick 
Propellant  Charges,"  ARBRL-MR-03193,  Ballistic  Research  Laboratory,  USA 
ARRADCOM,  Aberdeen  Proving  Ground,  MD,  August  1982  (AD  A118394). 

®F.W.  Robbins  and  A.W.  Horst,  "Slotted  Stick  Propellant  Study,"  20th  JANNAF 
Combustion  Meeting,  CPIA  Publication  383,  Vol.  I,  pp.  377-386,  October  1983. 


area  has  been  motivated  by  a  need  to  provide  a  detailed  understanding  of  the 
phenomenology  of  stick  propellant  charges,  both  to  assist  in  the  performance 
of  development  programs  and  to  exploit  fully  all  potential  advantages. 

We  have  previously  reported  on  the  application  of  advanced  experimental 
and  interior  ballistic  modeling  techniques  to  the  problems  of  base-  and 
centercore-ignited,  granular  propelling  charges. In  those  studies,  our 
interest  centered  on  the  complex  interplay  between  igniter,  ullage,  and  pro¬ 
pellant  packaging  and  its  influence  on  the  path  of  flamespreading,  the  forma¬ 
tion  of  pressure  waves,  and  movement  of  the  solid  phase.  In  the  current  work 
with  stick  charges,  we  are  dealing  with  a  configuration  which  substantially 
reduces  the  problem  of  pressure  waves  —  but  not  without  exhibiting  some  very 
interesting  and  yet  to  be  totally  understood  features  of  its  own. 

We  begin  by  looking  at  a  schematic  representation  of  the  early  portion  of 
the  interior  ballistic  cycle  for  a  stick  propellant  charge  configured  for  an 
artillery  application  (Figure  1).  Functioning  involves  initiation  of  the 
basepad  by  a  primer  and  subsequent  transfer  of  ignition  to  the  stick  pro¬ 
pellant  itself.  The  igniter  gases  are  expected  to  penetrate  easily  through 
the  bundle  of  sticks,  with  flamespread  proceeding  rapidly  in  a  one-dimensional 
fashion.  Some  portion  of  the  igniter  gases  may  be  expected  to  flow  around 
rather  than  through  the  charge,  but  to  a  lesser  degree  than  might  be  expected 
with  a  granular  charge.  There  does  exist  some  photographic  evidence  that  such 
a  charge  may  ignite  nearly  uniformly  over  its  entire  length  after  being  bathed 
for  a  sufficient  time  in  hot  igniter  gases. However,  the  flow  of  igniter 
gases  and  the  path  of  flamespreading  within  the  long  perforations  of  stick 
propellant,  particularly  if  unslotted,  are  largely  unknown  and  must  be  assumed 
to  proceed  independently  of  corresponding  processes  in  the  interstices. 
Nevertheless,  the  minimal  resistance  to  axial  flow  and  the  accompanying  near 
uniformity  of  pressurization  over  the  length  of  the  charge,  at  least  in  the 


^A.W.  Horst  and  T.C.  Minor,  "Ignition-Induced  Flow  Dynamics  in  Bagged-Charge 
Artillery,"  ARBRL-TR-02257,  Ballistic  Research  Laboratory,  USA  ARRADCOM, 
Aberdeen  Proving  Ground,  MD,  August  1980  (AD  A090681}. 

^A.W.  Horst  and  P.S.  Gough,  "Modeling  Ignition  and  Flamespread  Phenomena  in 
Bagged  Artillery  Charges,"  ARBRL-TR-02263,  Ballistic  Research  Laboratory, 
USA  ARRADCOM,  Aberdeen  Proving  Ground,  MD,  September  1980  (AD  A091790}. 
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A.W.  Horst,  F.W.  Robbins,  and  P.S.  Gough,  "A  Two-Dimensional,  Two-Phase  Flow 
Simulation  of  Ignition,  Flamespread,  and  Pressure-Wave  Phenomena  in  the 
155-mm  Howitzer,"  ARBRL-TR-02414,  Ballistic  Research  Laboratory,  USA 
ARRADCOM,  Aberdeen  Proving  Ground,  MD,  July  1982  (AD  A119148}. 

^^T.C.  Minor,  "Experimental  Studies  of  Multidimensional  Two-Phase  Flow  Pro¬ 
cesses  in  Interior  Ballistics,"  ARBRL-MR-03248,  Ballistic  Research  Labora¬ 
tory,  USA  ARRADCOM,  Aberdeen  Proving  Ground,  MD,  April  1983  (AD  A128034). 
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Figure  1.  Stick  Propelling  Charge  Phenomenology 

interstices,  are  apparently  responsible  for  the  observed  substantial  reduction 
in  both  charge  motion  and  pressure  waves  which  accompany  the  stick  propellant 
conf  igurat  ion . 


Several  other  features  need  be  mentioned  before  concluding  our  background 
remarks  on  stick  charge  phenomenology.  The  first  relates  to  the  mechanical 
behavior  of  the  stick  propellant  in  the  ignition  environment.  Once  ignition 
does  occur  within  the  long  perforations,  rapid  internal  pressurization  in 
excess  of  that  in  the  interstices  could  lead  to  splitting  or  fracture  of  the 
sticks,  yielding  an  unprogrammed  burning  surface.  Slotted  configurations  may 
well  reduce  the  pressure  differential  between  inner  and  outer  regions  but  may 
also  substantially  weaken  the  sticks.  Further,  the  ability  of  stick  propel¬ 
lant  to  support  reasonable  tensile  loads  without  being  broken  and  carried 
downbore  by  interphase  drag  forces  (as  is  granular  propellant)  is  expected  to 
result  in  most  of  the  propellant  charge  being  burned  within  the  gun  chamber 
itself  and  ikhould  be  expected,  as  mentioned  earlier,  to  impact  on  both  gun 
performance  and  tube  life.  Finally,  we  must  recognize  that  the  above  proces¬ 
ses  are  all  potentially  complicated  by  the  presence  of  a  propellant  charge 
case,  the  initial  impermeability,  mechanical  strength,  and  ignition  and  com¬ 
bustion  characteristics  of  which  may  play  major  roles  themselves  in  the  above 
sequence  of  events. 
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T.C.  Minor  and  A.W.  Horst,  "Ignition  Phenomena  in  Developmental,  Stick- 
Propellant,  Combustible-Cased,  155-mm,  M203E2  Propelling  Charges,"  ARBRL-TR- 
02568,  Ballistic  Research  Laboratory,  ARDC,  USA  AMCCOM,  Aberdeen  Proving 
Ground,  MD,  July  1984  (AD  A145283). 
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Figure  2.  155-iim,  M203E2  Propelling  Charge 

Studies  reported  herein  all  address  the  155-mm,  M203E2  Propelling  Charge, 
undergoing  development  at  the  time  of  this  study  by  the  Large  Caliber  Weapon 
Systems  Laboratory  (LCWSL)  of  the  Armament  Research  and  Development  Center  at 
Dover,  NJ,  for  the  155-mm,  M198  Howitzer.  This  charge,  pictured  in  Figure  2, 
employs  an  M31-type,  triple-base  stick  propellant  in  a  slotted,  single- 
perforated  configuration.  The  propellant  is  packaged  in  a  rigid,  combustible 
case,  and  is  ignited  by  a  basepad  containing  a  main  charge  of  Clean  Burning 
Igniter  (CBI)  and  a  smaller  quantity  of  Class  3  black  powder.  Our  attention 
was  initially  directed  to  this  configuration  because  of  an  early,  limited  test 
using  experimental  propellant  which  yielded  higher  maximum  pressures  at  cold 
temperatures  than  at  ambient  or  hot  temperatures.  Subsequently,  our  research 
has  grown  to  include  the  experimental  and  theoretical  investigation  of  the 
detailed  phenomenology  of  stick  propellant  charges  in  general,  focusing  on  the 
roles  of  f Ismespreading,  case  ignition  and  rupture,  propellant  motion  and 
possible  fracture,  and  mechanisms  for  enhanced  burning  within  long  perfora¬ 
tions  as  potential  sources  of  any  such  anomalous  performance. 

II.  EXPERIMENTAL  TECHNIQUES 

The  vehicle  used  for  the  firing  tests  in  this  study  was  the  M203E2 
Propelling  Charge,  identical  to  that  illustrated  in  Figure  2  with  the  excep¬ 
tion  of  the  base  igniter.  These  tests  employed  the  most  current  igniter 
design,  a  doughnut  configuration  with  a  central  spot  of  19.85  g  of  Class  3 
black  powder  surrounded  by  an  annulus  of  28.35  g  of  CBI.  The  experimental 
aspects  of  this  program  primarily  focused  on  the  impediments  to  flow  of  igni¬ 
ter  gases  into  the  propellant  bed.  Accordingly,  the  two  configurations  tested 
in  this  study  were  identical,  except  that  one  of  them  had  the  perforated  wall 
separating  the  igniter  from  the  stick  propellant  bed  removed. 


For  completeness,  we  reference  similar,  earlier  tests^^  performed  on 
candidate  M203E2  Propelling  Charges  in  which  there  was  an  additional,  imper¬ 
meable  boundary,  namely  a  sheet  of  cellulose  nitrate,  between  the  igniter  and 
the  propellant  bed.  In  one  test  with  the  barrier  in  place,  it  was  noted  that 
the  igniter  products  did  not  permeate  the  stick  propellant  bed,  but  rather 
took  the  path  of  less  resistance  and  filled  the  radial  ullage  surrounding  the 
charge.  In  this  instance,  with  the  gases  pressurizing  the  chamber  outside  the 
charge  more  than  inside  the  combustible  case,  the  charge  was  seen  to  suffer 
severe  radial  compaction.  In  a  companion  experiment  in  which  this  plastic 
barrier  was  removed,  the  igniter  gases  were  seen  to  enter  the  charge  much  more 
easily,  and  indeed,  the  case  was  seen  to  rupture  from  the  internal  pres¬ 
surization. 


A.  Apparatus 


Figure  3  depicts  the  apparatus  used  at  the  Ballistic  Research  Laboratory 
to  conduct  the  experimental  investigation.  The  illustration  shows  the  mount 
with  a  clear  plastic  simulator  for  the  155-mm  chamber  in  place.  Although  the 
mount  also  accepts  higher-pressure,  filament-wound  fiberglass  chambers,  the 
plastic  chambers  were  used  in  this  study  to  permit  better  view  of  the  events 
transpiring  within.  The  muzzle  end  of  the  chamber  was  closed  by  a  projectile 
seated  in  a  section  of  gun  tube  machined  to  the  dimensions  of  the  M199  Cannon. 
The  breech  end  of  the  chamber  was  closed  by  a  spindle  similar  to  the  mushroom 
configuration  of  the  M185  Cannon  with  the  centrally  venting  primer  spithole, 
housing  three  piezoelectric  pressure  transducers.  An  instrumented  baseplate 
(Figure  4}  was  attached  to  the  base  of  the  projectile;  it  permitted  two  gas 
pressure,  three  total  force,  and  two  acceleration  measurements  at  the  projec¬ 
tile  base. 
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Figure  3.  155-mm  Howitzer  Simulator 


ACCELERATION  (2) 


PRESSURE  (2) 


Figure  4.  Instrumented  Projectile  Baseplate 

Photographic  data  were  recorded  with  two  high-speed,  16-mm  cameras.  For 
each  shot,  one  camera  was  mounted  with  a  wide  angle  lens  to  record  the  overall 
aspects  of  the  event  and  another  used  a  telephoto  lens  to  allow  detailed 
examination  of  the  critical  base  region  of  the  charge.  With  all  of  the 
cameras,  data  were  recorded  at  a  framing  rate  of  approximately  5000  pictures 
per  second.  One-kHz  timing  signals  were  placed  on  the  films  by  electronic 
circuits  internal  to  the  cameras,  and  the  firing  fiducial  (time  at  which  the 
'iring  voltage  is  applied  to  the  gun)  was  also  placed  on  the  films  to  aid  in 
correlation  of  the  film  data  with  other  data. 

Flash  radiography  was  used  to  monitor  the  behavior  of  the  solid  phase 
during  the  interior  ballistic  cycle.  Two  300-kV  X-ray  heads  were  employed, 
aligned  perpendicular  to  the  chamber  axis  and  sufficiently  separated  from  each 
other  to  allow  coverage  of  the  entire  chamber  length.  One  image  (a  "static" 
shot)  was  taken  of  the  charge  in  the  chamber  before  firing,  and  a  second,  on  a 
separate  film,  was  recorded  during  the  event  by  X-rays  triggered  at  a  pre¬ 
determined  spindle  pressure  (a  "dynamic"  shot).  The  X-ray  film  was  protected 
from  the  blast  of  the  disposable  chamber  by  a  wooden  cassette,  with  the 
forward  face  composed  of  layers  of  air  spaces  and  sacrificial  wooden  plates. 

B.  Charge  Design 

M203E2  Propelling  Charges  from  Lot  RDD  83E000E201  were  provided  by  the 
LCWSL  for  testing.  Each  charge  contained  a  single  bundle  of  737-mm-long 
slotted  sticks  from  propellant  Lot  RAD-PE-480-90.  The  charges  were  encased  in 
molded  nitrocellulose  cases,  as  illustrated  in  Figure  2.  The  propellant 
weight  for  each  charge  was  11.85  kg.  To  facilitate  viewing  the  interior  of 
the  charge  during  the  firing  event,  the  combustible  case  was  perforated  with  a 
series  of  windows,  measuring  38  mm  by  38  mm  and  spaced  on  102  mm  centers. 


along  the  length  of  the  case.  The  windows  were  covered  on  the  inside  of  the 
case  with  a  sheet  of  plastic  0.38  mm  thick,  102  mm  wide,  and  635  mm  long, 
these  dimensions  deemed  sufficient  to  support  case  pressurization  while 
covering  a  minimum  amount  of  the  interior  of  the  case  surface.  The  sheet  was 
glued  to  the  interior  of  the  case  with  contact  cement.  Upon  reassembly,  the 
charges  were  restored  as  nearly  as  possible  to  their  as-received  condition. 

Figures  5  and  6  illustrate  the  two  charges  fired  in  this  study  prior  to 
reassembly.  The  figures  show,  in  each  instance,  the  single  bundle  of  slotted, 
single-perforation  M31A1E1  propellant,  the  igniter  assembly,  and  the  windowed 
combustible  case.  The  propellant  sticks  were  coded  by  several  means,  most 
obviously  with  painted  ends,  to  permit  later  identification  of  their  location 
in  the  charge.  Figure  5  shows  the  charge  fired  with  the  perforated  separator 
wall  intact.  Figure  6  shows  the  charge  with  that  wall  removed.  Figure  7 
depicts  one  of  the  reassembled  charges. 

III.  EXPERIMENTAL  RESULTS  AND  DISCUSSION 

The  charges  were  conditioned  at  21°  C  for  at  least  24  hours  prior  to 
firing.  Approximately  15  minutes  elapsed  between  the  time  each  of  the  charges 
was  removed  from  the  conditioning  facility  and  fired.  The  charges  were  posi¬ 
tioned  with  a  nominal  standoff  of  25  mm,  and  initiated  with  M82  primers. 
Using  pieces  of  the  combustible  material,  the  cases  were  wedged  against  the 
side  of  the  chamber  nearest  the  cameras  in  order  to  minimize  obscuration  of 
the  windows  by  smoke.  After  loading,  there  was  an  axial  distance  of  approxi¬ 
mately  50  mm  between  the  front  of  the  charge  and  the  base  of  the  projectile. 


Figure  8  shows  the  spindle  pressure  and  projectile-base  pressure  and 
force  for  the  M203E2  Charge  with  the  perforated  wall  left  intact  prior  to 
firing.  The  times  in  the  plot  are  referenced  to  the  instant  at  which  the 
voltage  was  applied  to  the  electric  firing  circuit.  The  chamber  failed  at  a 
breech  pressure  of  approximately  7.1  MPa.  The  breech  pressure  trace  is 
generally  smooth  and  monotonically  increasing,  with  the  only  notable  detail 
being  the  change  of  slope  of  the  curve  at  approximately  13  ms.  This  slope 
change  is  perhaps  best  interpreted  in  reference  to  the  details  seen  in  the 
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Figure  8.  Pressures  and  Force,  M203E2  Propelling  Charge, 

Perforated  Wall  Intact 

high-speed  films,  addressed  below.  From  the  pressure  gage  on  the  projectile 
base,  ve  find  a  similarly  well-behaved  trace  on  which  is  superimposed  a  broad 
spike  beginning  at  about  17.5  ms.  The  force  gage  also  demonstrates  this 
behavior,  and  the  overall  picture  is  consistent  with  a  steadily  rising  gas 
pressure  on  the  base  of  the  projectile,  accompanied  by  an  impact  of  the  charge 
on  the  projectile  base,  followed  by  a  rebound  of  the  charge  off  the  projectile 
base.  That  the  gas-pressure  gage  responded  similarly  is  likely  an  artifact  of 
the  gage  block  design,  in  that  a  column  of  gas  was  trapped  between  the  front 
of  the  charge  and  the  gas-pressure  gage  face.  This  behavior  was  seen  in  the 
previous  tests  referenced  earlier.^^ 

The  high-speed  films  recorded  many  interesting  details  of  the  charge 
functioning.  Figure  9  presents  selected  frames  from  both  the  full-chamber- 
length  and  close-up  films.  In  all  cases,  the  spindle  is  at  the  left.  After 
the  primer  functioning,  the  base  igniter  began  to  burn  (Figure  9a),  and  the 
gases  generated  such  force  in  the  poorly  vented  igniter  cavity  that  the  rear 
cap  popped  off  the  charge  (Figure  9b)  at  about  4  ms.  The  igniter  products 
continued  to  vent  strongly  into  the  rear  ullage  with  no  significant  penetra¬ 
tion  into  the  propellant  bed,  as  evidenced  by  the  lack  of  luminosity  visible 
through  the  charge  windows.  A  portion  of  the  gases  escaping  the  rear  of  the 
charge  did  find  their  way  into  the  charge  through  the  snap  joint  (Figures  9b, 


9c),  however,  so  that  some  luminosity  was  seen  in  the  propellant  bed  at  13-15 
ms,  the  point  at  which  the  spindle  pressure  showed  a  slope  change.  A  portion 
of  combustible  case  surrounding  the  igniter  assembly  burned  in  cigarette 


V  < 


Figure  9.  Flamespread,  M203E2  Propelling  Charge,  Perforated  Wall  Intact 


fashion  (Figure  9d)  during  this  time*  though  no  well-defined  flamespread  along 
any  portion  of  the  case  was  observed.  Overall,  the  high-speed  films  showed 
that  the  igniter  and  early  combustion  gases  preferentially  vented  into  the 
ullage  (Figure  9e),  so  much  so  that  gases  in  the  forward  ullage  pressurized 
the  ullage  in  that  region  and  then  entered  the  charge  through  the  collapsing 
forward  window  of  the  charge  (Figure  9f)  before  there  was  significant  lumi¬ 
nosity  along  the  inside  length  of  the  charge. 

The  triggering  circuit  of  the  flash  X-ray  system  was  set  to  operate  at  a 
spindle  pressure  somewhat  in  excess  of  7  MPa.  Since  the  spindle  pressure  gage 
failed  to  reach  this  level,  a  dynamic  flash  X-ray  was  not  obtained  for  this 
shot. 

B.  M203E2  Charge.  Perforated  Wall  Removed 

Figure  10  displays  the  spindle  pressure  and  the  projectile-base  gas 
pressure  and  force  recorded  from  the  shot  with  the  igniter  modified  so  that 
the  perforated  wall  was  removed.  All  of  the  data  were  smooth  and  monotoni- 
cally  increasing  until  the  chamber  failed  at  12  MPa.  Pressurization  at  the 
spindle  was  uniform,  again  with  the  slope  break  noted  on  the  previous  shot. 
Neither  the  force  gage  nor  the  forward  pressure  gage  indicated  impact  of  the 
charge  on  the  base  of  the  projectile. 
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Figure  10.  Pressures  and  Force,  M203E2  Propelling  Charge, 
Perforated  Wall  Removed 
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The  high-speed  films  for  this  shot,  selected  portions  of  which  are  shown 
in  Figure  11,  revealed  details  that  differ  significantly  from  the  previous 
shot.  As  in  that  shot,  the  basepad  began  to  burn  shortly  after  the  primer 
vented  (Figure  11a),  but  in  this  instance,  the  rear  charge  cap  was  not  forced 
off  the  charge  (Figure  11b).  For  the  first  5-7  ms,  the  charge  was  pushed 
forward  in  the  chamber  by  approximately  25  mm,  but  did  not  impact  the  projec¬ 
tile.  After  about  13  ms,  there  was  considerable  luminosity  at  both  ends  of 
the  chamber,  with  no  light  visible  within  the  charge.  Also  during  this  time, 
gases  streaming  from  the  base  of  the  charge  appeared  to  enter  the  main  charge 
through  the  snap  joint  as  in  the  previous  shot  (Figure  11c).  Flame  was 
visible  in  the  rear  window  at  19  ms,  in  the  front  window  at  22  ms,  and  in  the 
next-to-rear  window  at  24  ms.  By  about  27  ms,  there  was  more  intense  flame  in 
these  windows  (Figure  lid).  Shortly  thereafter  flame  filled  the  interior  of 
the  case  and  the  case  ruptured  longitudinally  due  to  the  internal  pressuriza¬ 
tion  (Figure  lie). 

Figure  12  shows  line-drawing  schematics  of  the  flash  X-rays  recorded  for 
this  shot.  In  the  static  shot  recorded  in  Figure  12a,  we  note  the  combustible 
case,  the  bed  of  stick  propellant,  and  the  igniter  pad.  Figure  12b  depicts 
the  scene  at  a  spindle  pressure  of  about  7  MPa.  We  note  that  the  charge  was 
pushed  forward,  but  not  completely  to  impact  the  projectile.  Though  not 
apparent  in  the  high-speed  films,  the  flash  X-ray  indicates  that  the  base  cap 
was  separated  from  the  rear  of  the  case.  As  an  indicator  that  the  case  was 
pressurized  from  within,  we  note  that  the  front  face  was  blown  off  the  combus¬ 
tible  case.  We  also  note  the  slight  compaction  of  the  ends  of  the  stick 
propellant  bundles  in  the  region  where  gases  enter  and  leave  the  propellant 
bed. 


IV.  SUMMARY  OF  MODELING  APPROACH 

The  TDNOVA  code  was  developed  to  simulate  the  interior  ballistics  of 
single-  or  multi- increment  propelling  charges  by  means  of  a  numerical  solution 
of  the  equations  of  two-dimensional,  two-^hase  flow.^^»^^  A  major  effort  was 
recently  completed  and  reported  by  Gough^^  to  extend  the  TDNOVA  code  to  permit 
the  simulation  of  stick  propellant  charges  in  combustible  cases.  Under  this 
representation,  the  charge  is  assumed  to  consist  of  a  number  of  increments  of 
similar  but  not  necessarily  identical  diameters,  loaded  end-to-end.  Each 
increment  is  assumed  to  be  separately  enclosed  in  a  container  which  may  be 
either  a  flexible  bag  or  a  rigidized  case.  The  segments  of  each  container  may 


12  .  . 

P.S.  Gough,  "A  Two-Dimensional  Model  of  the  Interior  Ballistics  of  Bagged 

Artillery  Charges,"  ARBRL-CR-00452,  Ballistic  Research  Laboratory,  USA 

ARRADCOM,  Aberdeen  Proving  Ground,  MD,  April  1981  (AD  A100751). 

^^P.S.  Gough,  "Two-Dimensional,  Two-Phase  Modeling  of  Multi-Increment  Bagged 
Artillery  Charges,"  ARBRL-CR-00503,  Ballistic  Research  Laboratory,  USA 
ARRADCOM,  Aberdeen  Proving  Ground,  MD,  February  1983  (AD  A1 25482). 

^^P.S.  Gough,  "Modeling  of  Rigidized  Gun  Propelling  Charges,"  ARBRL-CR-00518, 
Ballistic  Research  Laboratory,  USA  ARRADCOM,  Aberdeen  Proving  Ground,  MD, 
November  1983  (AD  A135860). 


Figure  12.  Flash  X-ray  Schematic  Drawings,  M203E2  Propelling  Charge, 
Perforated  Wall  Removed  (a)  Static  (b)  Spindle 
Pressure  7  MPa 

be  characterized  as  having  two  reactive  substrates  on  either  side,  permitting 
the  simulation  of  combustion  on  either  side  of  the  container,  as  well  as  an 
additional  component,  such  as  a  basepad,  attached  to  the  surface.  Each  incre¬ 
ment  may  also  incorporate  a  centercore  igniter  which  is  modeled  as  a  quasi- 
one-dimensional,  two-phase  flow.  The  main  charge  of  each  increment  may  be 
either  granular  or  stick  propellant*  Stick  propellant  may  be  unperforated, 
perforated,  or  perforated  and  slotted.  A  dual-voidage  representation  is  made 
of  perforated  stick  propellant;  the  state  of  the  gas  in  the  perforations  is 
assumed  to  differ  from  that  in  the  interstices.  The  code  similarly  distin¬ 
guishes  between  the  exterior  and  interior  surface  temperatures  and  combustion 
rates  of  perforated  stick  propellant.  Further,  the  interphase  drag  and  heat 
transfer  and  the  solid-phase  stress  tensor  for  the  stick  charges  are  all  posed 
in  terms  of  anisotropic  laws. 

The  ballistic  consequences  of  heat  loss  to  the  tube  may  be  evaluated  by 
means  of  models  based  on  steady-state  pipe  and  plate  flow  correlations  or  by 
reference  to  an  unsteady  boundary  layer  model.  Other  constitutive  extensions 
to  the  code  include  the  influence  of  erosive  burning,  flow  resistance  in 
narrow  regions  of  ullage,  slow  gas-phase  kinetics  with  partial  heat  release  at 
the  surface  of  the  solid  phase,  and  a  revision  to  the  interphase  drag  correla¬ 
tion  for  granular  propellant. 

Each  main  charge  increment  is  modeled  as  a  two-dimensional,  two-phase 
flow  until  flamespreading  is  complete,  all  containers  are  fully  ruptured,  and 
radial  pressure  gradients  have  subsided  to  within  some  user-selectable  toler¬ 
ance.  Subsequently,  a  quasi-two-dimensional  representation,  in  which  the  pro¬ 
pelling  charge  and  the  region  of  circumferential  ullage  are  treated  as  coupled 
regions  of  qua si-one-dimensional  flow,  is  effected  to  complete  the  simulation 
of  the  interior  ballistic  cycle  in  an  economical  manner.  The  only  exception 
is  for  the  igniter  increment,  which,  because  of  the  likelihood  of  severe  mesh 
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distortion  and  strain  on  the  numerics,  is  incorporated  into  the  rear  region  of 
ullage  when  either  burnout  or  compression  to  10%  of  its  original  axial  extent 
occurs  locally.  The  overall  solution  is  obtained  by  means  of  an  explicit, 
two-step  marching  scheme  for  all  interior  mesh  points  together  with  charac¬ 
teristic  forms  at  the  external  boundaries  defined  by  the  chamber  and  projec¬ 
tile  and  at  the  internal  boundaries  defined  by  the  interfaces  between  the 
mixture  and  the  ullage.  The  physical  role  played  by  the  containers  of  the 
increments,  including  reactivity,  resistance  to  penetration  by  the  gas  phase, 
and  confinement  of  the  solid  phase,  is  reflected  in  the  model  by  reference  to 
internal  boundary  conditions. 

V.  THEORETICAL  RESULTS  AND  DISCUSSION 

We  now  address  application  of  the  TDNOVA  code  to  the  M203E2  Propelling 
Charge  by  reference  to  the  schematic  of  Figure  13.  The  overall  approach  was 
in  general  agreement  with  that  reported  previously, though  subsequent 
improvements  to  the  code  as  well  as  modifications  to  the  treatment  of  the 
igniter  increment  enabled  the  calculations  to  be  carried  to  completion  with 
far  fewer  compromises  to  the  input  data.  The  exterior  boundary  depicted  an 
axisymmetric  representation  of  the  gun  chamber,  including  spindle  face  at  the 
breech  end  and  projectile  at  the  forward  end.  The  centerline,  breech  end,  and 
sidewall  remained  fixed  boundaries,  while  projectile  motion  in  response  to  the 
burning  propellant  charge  was  resisted  by  an  independently  determined  projec¬ 
tile  engraving /bore  resistance  profile. 

Internal  boundaries  reflected  packaging  of  the  individual  increments  — 
in  this  case,  the  igniter  region  and  the  main  charge  compartment.  Mechanical 
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Figure  13.  TDNOVA  Representation  of  the  M203E2  Propelling  Charge 


^^A.W.  Horst,  F.W.  Robbins,  and  P.S.  Gough,  "Multidimensional,  Multiphase  Flow 
Analysis  of  Flamespreading  in  a  Stick  Propellant  Charge,"  ARBRL-MR-03372, 
Ballistic  Research  Laboratory,  ARDC,  USA  AMCCOM,  August  1984  (AD  A145731). 


21 


properties  of  each  segment  of  the  container  were  identified  by  a  single-digit 
number  which  pointed  to  an  input  file  providing  information  on  permeability, 
strength,  and  related  parameters.  Corresponding  reactivity  characteristics 
for  each  segment  were  indicated  by  a  four-digit  number,  identifying  files 
describing  gasification  rates  and  thermodynamic  parameters  associated  with 
each  of  the  inner  and  outer  surfaces  and  attached  components  as  described 
above.  The  small  black  powder  charge  in  the  igniter  increment  was  treated 
here  as  an  attached  component  described  by  reactivity  file  #1.  The  earlier 
analysis  of  this  charge^^  assumed  the  black  powder  charge  to  be  attached  to 
the  interior  of  a  permeable  boundary  separating  the  igniter  and  main  charge 
regions,  but  attached  to  the  igniter  increment.  In  the  present  calculations, 
we  assumed  this  boundary  element,  including  the  black  powder  charge,  to  be  a 
part  of  the  main  charge,  so  that  its  influence  was  not  lost  when  the  igniter 
increment  was  incorporated  into  the  region  of  rear  ullage  upon  severe  mesh 
distortion  or  local  burnout. 

In  addition,  propellant  input  files  were  specified  for  the  CBI  material 
and  the  M31-type  stick  propellant  to  describe  mechanical  properties,  dimen¬ 
sions,  thermal  properties  of  the  solid,  ignition  and  combustion  character¬ 
istics,  and  thermodynamic  properties  of  the  product  gases.  Corresponding 
files  for  the  various  combustible  case  materials  were  also  included  since 
explicit  modeling  of  ig..ition  and  combustion  of  the  case  was  of  interest. 

We  turn  now  to  the  results  from  a  TDNOVA  calculation  based  on  a  nominal 
input  data  base  for  the  M203E2  Propelling  Charge.  The  process  began,  in  the 
calculation,  with  the  rapid  burning  of  the  black  powder  spot,  in  accordance 
with  a  tabular  description  provided  as  input.  Thus,  all  delays  associated 
with  the  functioning  of  the  primer  prior  to  ignition  of  the  basepad  were 
outside  the  scope  of  the  simulation.  Combustion  gases  from  the  burning  black 
powder  rapidly  ignited  the  main  CBI  charge  in  the  igniter  increment,  locally 
pressurizing  this  region  of  the  charge,  as  shown  in  Figure  14.  For  a  little 
more  than  the  next  millisecond,  the  combined  products  of  the  black  powder  and 
CBI  charges  pressurized  the  regions  of  ullage  behind  and  circumferentially 
external  to  the  charge  as  well.  Interestingly  enough,  however,  little  pres¬ 
surization  within  the  main  body  of  the  charge  took  place  during  this  early 
period.  While  it  is  true  that  the  sidewall  of  the  charge  was  initially 
impermeable,  the  wall  separating  the  two  increments  was  intentionally  perfo¬ 
rated  to  allow  early  passage  of  igniter  products  to  promote  rapid  ignition  of 
the  main  charge  of  stick  propellant.  Nevertheless,  the  perforated  area  repre¬ 
sented  less  than  20  percent  of  the  total  area  and  was  apparently  altogether 
insufficient  for  this  purpose. 

The  accompanying  gas  flow  is  depicted  in  Figure  15.  (Flow  vectors  origi¬ 
nate  at  the  centers  of  the  cells  and  are  normalized  with  respect  to  the 
largest  value  of  velocity  at  that  particular  time.)  A  substantial  portion  of 
early  igniter  products  flowed  rearward  and  around  the  case,  a  path  that  appar¬ 
ently  presented  far  less  resistance  than  did  the  path  through  the  perforated 
wall  into  the  bundle  of  stick  propellant.  As  shown  in  Figure  16,  the  small 
CBI  particles  were  carried  along  as  well,  leading  to  a  significant  distortion 
of  the  mesh  associated  with  the  igniter  increment.  It  is  at  this  point  that 
previous  attempts  to  simulate  the  M203E2  Charge  with  TDNOVA  failed,  despite 
the  use  of  an  artificially  stiff  representation  of  the  CBI  bed  rheology. 
However,  in  the  current  calculation,  igniter  burnout  occurred  locally  at  2.778 
ms  into  the  calculation,  the  igniter  region  was  incorporated  into  the  rear 
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continuum  of  ullage,  and  the  calculation  marched  on.  With  the  perforated  wall 
assumed  to  be  a  part  of  the  main  increment,  its  permeability  and  energy 
release  characteristics  continued  to  influence  the  calculation  despite  the 
loss  of  any  remaining  CBI.  Ignition  of  the  main  charge  of  stick  propellant 
began  adjacent  to  the  igniter  increment  at  about  1.5  ms  into  the  calculation 
and  proceeded,  via  a  nearly  one-dimensional  process,  to  completion  some  1.3  ms 
later.  Little  difference  was  seen  between  external  and  internal  surfaces  of 
the  sticks  since  the  propellant  was  slotted  and  the  slots  were  assumed  to  be 
initially  open.  The  dual-voidage  representation  of  the  propellant  was  then 
dropped  in  favor  of  a  more  economical  single-voidage  model  which  assumed 
interstitial  and  perforation  conditions  to  be  locally  the  same.  This  trans¬ 
formation  would  not  have  taken  place  at  this  point  were  the  propellant  unslot¬ 
ted  or  the  slots  assumed  to  be  closed  until  a  specified  internal  overpressure 
was  reached.  A  final  transformation  to  the  quasi-two-dimensional  representa¬ 
tion  was  made  at  3.641  ms  into  the  calculation,  when  radial  pressure  gradients 
at  each  axial  station  fell  to  less  than  5  percent  of  the  pressure  at  the 
centerline. 

In  the  calculation,  flamespreading  up  the  external  sidewall  of  the  case 
preceded  flamespreading  through  the  bundle  of  sticks  by  about  a  millisecond. 
While  the  importance  of  this  result  on  the  overall  ignition  process  remains  to 
be  examined  in  detail,  we  caution  the  reader  that  ignition  and  combustion 
characteristics  for  the  case  material  were,  in  many  respects,  only  estimated 
in  order  to  permit  the  current  set  of  calculations.  Despite  the  paucity  of 
data,  however,  linkages  within  the  code  to  permit  simulation  of  flamespreading 
along  the  case  via  convective  processes  were  tested  and  warrant  future  exploi¬ 
tation  to  investigate  physical  significance.  Similarly,  in  respect  to  case 
rupture,  the  lack  of  a  good  mechanical  description  of  the  combustible  car¬ 
tridge  case  in  the  reacting,  dynamic  gun  environment  must  limit  the  value  of 
our  results  in  the  absolute  sense.  The  current  calculation  was  based  on  a 
linear  elastic  model  of  the  case  sidewall,  with  local  failure  based  on  a  von 
Mises  equivalent  stress  for  the  sidewall  and  a  simple  overpressure  criterion 
for  the  ends.  Using  this  representation  and  estimated  values  for  the  appro¬ 
priate  parameters,  the  igniter  increment  began  to  rupture  almost  immediately 
due  to  rapid  internal  pressurization.  Failure  of  the  main  charge  case  incre¬ 
ment  appeared  to  follow  the  local  pressurization  associated  with  passage  of 
the  combustion  front  through  the  sticks  during  flamespreading,  though  the 
forward  end  was  blown  out  nearly  a  millisecond  before  the  flame  reached  it. 

A  second  calculation  was  performed  with  the  effective  flow  area  of  the 
perforated  wall  cut  in  half,  further  restricting  the  early  passage  of  igniter 
gases  into  the  main  charge.  The  result  was  more  early  flow  around  the  outside 
of  the  charge,  speeding  the  propagation  of  flame  up  the  outer  sidewall  of  the 
case  but  delaying  flamespreading  through  the  main  stick  charge  by  more  than 
half  a  millisecond.  Moreover,  the  forward  velocity  imparted  to  the  charge 
during  this  early  phase  was  more  than  doubled,  resulting  in  the  charge 
striking  the  base  of  the  projectile  at  about  20  m/s. 


A  final  calculation  was  attempted  with  the  wall  represented  as  being 
totally  permeable.  As  expected,  flame  propagation  up  the  outside  of  the  case 
was  slowed  appreciably,  but  flamespreading  through  the  main  charge  stalled, 
rather  than  being  accelerated.  The  only  explanation  we  can  suggest  at  this 
time  is  that,  without  the  pressure  differential  built  up  across  the  perforated 
wall,  the  blowing  process  was  mitigated  and  convective  heat  transfer  to  the 
propellant  dropped  below  the  critical  level  required  to  achieve  ignition. 

VI.  CONCLUSIONS 

This  combined  experimental/theoretical  study  provides  us  with  consider¬ 
able  insight  into  the  phenomenology  of  flamespreading  in  a  combustible-cased, 
stick  propellant  charge.  In  particular,  the  case  was  shown  to  exert  substan¬ 
tial  influence  on  the  early  path  of  flamespreading,  the  perforated  wall 
between  the  igniter  and  main  stick  charge  blocking  most  of  the  igniter  gases 
from  directly  entering  the  main  charge  as  intended.  The  separation  of  igniter 
components  from  the  rest  of  the  charge,  revealed  in  the  films,  was  confirmed 
in  the  calculations  to  be  a  result  of  the  rearward  path  of  the  igniter  gases, 
filling  the  region  of  ullage  behind  the  charge  and  then  propagating  up  the 
circumferential  ullage  adjacent  to  the  charge  sidewall.  This  preferential 
flow  of  igniter  gases,  again  clearly  shown  in  the  films,  was  predicted  in  the 
calculations  to  lead  to  locally  higher  pressures  external  to  the  charge,  the 
magnitude  of  which  depended  on  the  initial  flow  area  of  the  perforated  wall. 
Such  locally  excessive  pressures  external  to  the  charge  were  no  doubt  respon¬ 
sible  for  both  the  previously  observed  radial  compaction  of  the  charge  and 
current  results,  theoretical  and  experimental,  revealing  forward  motion  of  the 
charge  during  flamespread,  both  phenomena  appearing  to  be  directly  influenced 
by  the  configuration  of  the  perforated  wall. 

We  should  emphasize,  however,  that  not  all  of  the  resistance  to  igniter 
gas  entry  into  the  main  charge  results  from  the  barrier  imposed  by  the  combus¬ 
tible  case.  While  natural  flow  channels  within  the  bundle  of  sticks  offer 
little  resistance  to  the  axial  flow  of  gases,  entrance  conditions  at  the  end 
of  the  tightly  packed  bundle  provide  quite  an  impediment  to  the  entering 
gases,  as  evidenced  in  both  the  film  and  the  calculation  by  the  substantial 
flow  of  igniter  gases  external  to  the  charge  even  when  the  perforated  wall  was 
absent.  An  interesting  experimental  result,  outside  the  scope  of  the  simula¬ 
tions,  was  the  subsequent  yet  potentially  significant  re-entry  of  igniter 
gases  into  the  charge,  this  time  on  the  far  side  of  the  perforated  wall 
through  a  snap  joint  in  the  case.  This  initial  breaching  of  tue  otherwise 
impermeable  case  sidewall,  presumably  a  result  of  minor  crushing  of  the  rear 
portion  of  the  case  by  external  pressures,  may  have  provided  the  principal 
path  for  the  entrance  of  igniter  gases  into  the  main  charge  of  stick  propel¬ 
lant.  We  note  that,  except  at  this  assembly  joint,  the  mechanical  integrity 
of  the  case  sidewall  apparently  persists  until  flamespreading  within  the  main 
charge  sufficiently  elevates  internal  pressures  beyond  those  in  the  ullage  for 
rupture  to  occur.  Hence,  the  impermeability  of  the  sidewall  to  igniter  gases 
in  the  ullage  and  the  confinement  of  the  sticks  until  case  rupture  can  both  be 
expected  to  play  major  roles  in  characterizing  the  path  of  flamespread. 

It  was  noted  that  the  calculations  revealed  that  flamespread  up  the 
exterior  of  the  case  commenced  prior  to  that  in  the  main  charge  of  stick 
propellant.  No  well-defined  flamespread  along  the  case  sidewall,  however,  was 
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Overall,  this  study  has  confirmed  the  complexit-  among 
the  igniter,  propellant,  and  cartridge  case  lor  .cmL>o»:.c.>  akt-c,  »iick 
propellant  charges.  For  the  propelling  charge  developer,  :r.e»e  '.eatures  all 
represent  exploitable  charge  design  parameters,  porentiawy  apac.e  intlu- 
encing  safety,  reliability,  and  performance.  ke  turther  view  it  as  the 
responsibility  of  the  research  community  to  advance  modeling  and  experimentsl 
diagnostic  capabilities  such  as  those  employed  in  this  study  to  facilitate  the 
task  of  the  charge  developer. 
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